A cytosine DNA methyltransferase containing a chromodomain, Zea methyltransferase2 ( Zmet2 ), was cloned from maize. The sequence of ZMET2 is similar to that of the Arabidopsis chromomethylases CMT1 and CMT3 , with C-terminal motifs characteristic of eukaryotic and prokaryotic DNA methyltransferases. We used a reverse genetics approach to determine the function of the Zmet2 gene. Plants homozygous for a Mutator transposable element insertion into motif IX had a 13% reduction in methylated cytosines. DNA gel blot analysis of these plants with methylation-sensitive restriction enzymes and bisulfite sequencing of a 180-bp knob sequence showed reduced methylation only at CpNpG sites. No reductions in methylation were observed at CpG or asymmetric sites in heterozygous or homozygous mutant plants. Our research shows that chromomethylase Zmet2 is required for in vivo methylation of CpNpG sequences.
INTRODUCTION
Cytosine methylation is a DNA modification that is correlated with gene expression in eukaryotes. In plants, hypermethylation is associated with inactivation of transposable elements (Chandler and Walbot, 1986; Schwartz and Dennis, 1986; Banks et al., 1988) , instances of imprinting and paramutation (Kermicle, 1996; Walker, 1998) , and transgene silencing (Linn et al., 1990; Ingelbrecht et al., 1994) . Control of gene expression mediated by DNA methylation also may play a role in plant development (Kakutani et al., 1995; Finnegan et al., 1996) . DNA methylation patterns are established and maintained by DNA methyltransferases, which catalyze the transfer of the methyl group from S -adenosylmethionine (SAM) to the C-5 position in the pyrimidine ring of cytosine. In plants, 5-methylcytosine residues are found predominantly at symmetric CpG and CpNpG sequences (Gruenbaum et al., 1981) . Methylated cytosines are found at a lower frequency at asymmetric positions such as CpTpT and CpApT. At least three types of methyltransferase activity are likely to exist in plants. De novo methyltransferase activity is required to establish methylation at unmethylated sites and to propagate methylation at asymmetric sites. Separate CpG and CpNpG methyltransferase activities maintain symmetric methylation patterns during the process of DNA replication and cell division. Although the CpG and CpNpG methyltransferase activities likely are distinct, evidence in pea suggests the possibility that these activities may be conferred by products of a single gene (Pradhan and Adams, 1995; Pradhan et al., 1998) . CpNpG methylation is common in plants but infrequent or absent in mammals.
The focus of this study was the analysis of a putative maize methyltransferase gene homologous with the CMT family of chromomethylase genes in Arabidopsis. Chromomethylases were first identified in a database search for genes containing chromodomains (Henikoff and Comai, 1998; Rose et al., 1998) . Chromodomains have been found in several proteins involved in the chromatin-based regulation of gene expression and may be critical for the targeting of these proteins within the nucleus (Cavalli and Paro, 1998) . Chromomethylases contain conserved methyltransferase domains at the C-terminal end, whereas the N-terminal portion of chromomethylases differs substantially from that of other methyltransferases. Chromomethylases lack ‫ف‬ 750 amino acids in their N-terminal domain relative to the Dnmt1 class of methyltransferases, which is exemplified by the MET1 (Finnegan and Dennis 1993) and Zmet1 genes in plants. Chromomethylases are similar in size to the Dnmt3 class of de novo methyltransferases, which is represented by the Zmet3 and Drm2 genes in plants (Cao et al., 2000) , but they differ substantially on the basis of the organization of the conserved methyltransferase motifs and the structure of the N-terminal portion of the gene. Chromomethylases have not been identified in the genomic sequences of any organism other than plants. To date, no function has been assigned to the chromomethylase class of methyltransferases. The CMT1 chromomethylase of Arabidopsis has been deemed nonessential because several Arabidopsis ecotypes contain genes with a retroelement insertion that (A) The conserved methyltransferase motifs of the ZMET2 and ZMET5 inferred amino acid sequences are aligned with the Arabidopsis chromomethylases CMT1, CMT2, and CMT3. Black shading indicates identical residues, and gray shading indicates similarity. Dashes in the sequences represent gaps introduced by CLUSTAL W to optimize the alignments. Alignments were processed by BOXSHADE. The locations of the six conserved methylase motifs are indicated above the sequences. The chromodomain is located upstream of and adjacent to motif IV. The location of the Mu insertion in the zmet2-m1::Mu allele is indicated by an arrowhead above the sequences. (B) Relationships of maize and Arabidopsis chromomethylases. The aligned conserved methyltransferase motifs of ZMET2, ZMET5, CMT1, CMT2, and CMT3 (from the beginning of motif I to the end of motif X) were analyzed using PHYLIP. The resulting tree is shown with bootstrap values indicated at the nodes. disrupts the coding region or a frameshift mutation that results in truncated proteins (Henikoff and Comai, 1998) . No obvious differences in DNA methylation have been correlated with these alleles.
We have characterized one member of a small gene family of chromomethylases in maize, Zea methyltransferase2 ( Zmet2 ). In this study, we show that this methyltransferase is required for the methylation of CpNpG sequences.
RESULTS

Zmet2 Is a Chromomethylase
Zmet2 was discovered in an expressed sequence tag search of the Pioneer Hi-Bred International databases using conserved methyltransferase domains as the query sequence. The full-length cDNA sequence of Zmet2 was obtained by 3 Ј and 5 Ј rapid amplification of cDNA ends, and the sequence was analyzed against the GenBank and SWISS-PROT databases. The full-length genomic sequence was obtained by screening a genomic library.
Screening of the genomic library also resulted in the recovery of a class of clones with significant similarity to Zmet2 . Genomic sequences of the homologous clones were obtained, and the cDNA sequences were confirmed by sequencing rapid amplification of cDNA ends products. This second gene is designated Zmet5 . ZMET2 and ZMET5 belong to a class of DNA methyltransferases termed chromomethylases (Henikoff and Comai, 1998) . The Zmet2 and Zmet5 nucleotide sequences are 90% identical over the coding regions.
Amino acid sequence alignments of ZMET2 and ZMET5 with the Arabidopsis chromomethylases CMT1, CMT2, and CMT3 ( Figure 1A ) showed conservation in motifs I, IV, VI, VIII, IX, and X (motifs defined by Posfai et al., 1989; Kumar et al., 1994) . Phylogenetic analysis indicated that the ZMET2 and ZMET5 proteins are more closely related to CMT1 and CMT3 (GenBank accession numbers provided in Methods) than to CMT2 ( Figure 1B) . Alignments of ZMET2 and CMT1 revealed 44% amino acid identity and 57% similarity. CMT1 and ZMET2 have 87% amino acid similarity across the six conserved functional domains.
The N-terminal domain of ZMET2 is smaller than those found in the dnmt1 class of maintenance methyltransferases, but it does contain putative nuclear localization signals, as defined by Raikhel (1992) . A chromodomain is present between motifs I and IV, and the amino acid sequence and position are conserved between ZMET2 and CMT1. The inferred ZMET2 protein, using the first predicted translation start site located within a consensus Kozak sequence (Kozak, 1991) , is 912 amino acids in length with a predicted mass of 101 kD.
The ZMET5 and CMT protein sequences were tested for the presence of recognizable domains by using both the PFAM and SMART protein prediction World Wide Web servers (Schultz et al., 2000) . In addition to containing a chromodomain and a conserved methyltransferase domain, all chromomethylases contain a bromo adjacent homology (BAH) domain. The location of this domain is indicated in Figure 1C . BAH domains have been implicated in linking DNA methylation, replication, and transcriptional regulation in mammals (Callebaut et al., 1999) . ZMET1 and MET1 both contain two BAH domains in the N-terminal regulatory region. This may indicate common mechanisms controlling these two classes of methyltransferases or targeting them in the nucleus. This finding also supports the phylogenetic evidence suggesting that the chromomethylases and MET1-type enzymes have a common ancestor (Cao et al., 2000) .
Mutant Analysis Reveals That Zmet2 Is Required For CpNpG Methylation
A reverse genetics approach was used to determine the function of Zmet2 . An F2 family segregating for a Mutator transposable element ( Mu ) insertion in Zmet2 was identified from Pioneer Hi-Bred International's TUSC (Trait Utility System for Corn) populations by using a polymerase chain reaction primer for Mu and a gene-specific primer for Zmet2 . This allele is called zmet2-m1 :: Mu . The Mu element is inserted into exon 18, which encodes motif IX. To determine the likely effect of the Mu insertion, the aberrant transcript resulting from this insertion event was sequenced. The aberrant transcript contains a stop codon after amino acid 833 ( Figure 1A ). The resulting protein lacks motif X, which is required for SAM binding (Cheng et al., 1993) , and is expected to lack enzymatic function.
Twelve individual plants from an F4-derived F5 family, composed of three wild-type plants, seven plants heterozygous for the zmet2-m1 :: Mu allele, and five plants homozygous for the zmet2-m1 :: Mu allele, were analyzed by HPLC to assess the effect of the mutation on global methylation levels. A 12.6% decrease in 5-methylcytosine was observed in plants homozygous for zmet2-m1 :: Mu relative to siblings homozygous for wild-type Zmet2 (Table 1) . Heterozygous (C) Diagrams of methyltransferase proteins. The chromomethylases of maize and Arabidopsis are shown with Zmet1 and Zmet3. The location of the chromodomains (CD), the conserved methyltransferase motifs (I, IV, and VI to X), the BAH domains, and the ubiquitin-associated domains (UBA) are indicated by different shading.
plants had significantly ( ␣ Ͻ 0.001) less methylation than did the homozygous normal plants. The reduction in methylation of the heterozygous class relative to the homozygous normal class was ‫ف‬ 27% of the reduction in methylation observed in the homozygous zmet2-m1 :: Mu class.
Restriction enzyme analysis of the same DNA samples was used to test for site-specific changes in DNA methylation. DNA gel blots of DNA cut with methylation-sensitive restriction enzymes and probed with repetitive sequences revealed significant reductions in cytosine methylation at m CpCpG sites ( Figure 2 ) and m CpA/TpG sites (data not shown). Plants homozygous for the zmet2-m1 :: Mu allele had the largest reduction in methylation, whereas plants heterozygous for zmet2-m1 :: Mu were intermediate in their digestion patterns. No changes were observed at m CpG sites, indicated by unchanged HpaII (Figure 2 ) and HhaI (data not shown) restriction profiles. Genomic bisulfite sequencing of the 180-bp knob sequence ( Figure 3 ) confirmed that only CpNpG methylation was reduced in the zmet2-m1 :: Mu mutant. The 180-bp knob sequence was methylated at both symmetric and asymmetric cytosines. The bisulfite sequencing analysis revealed that asymmetric methylation was not reduced by this mutation.
Our analysis of the zmet2-m1 :: Mu allele indicates that reductions in methylation are restricted to CpNpG sites. The HPLC data indicate an overall reduction in global methylation of 12.6%. Calculations based on work by Gruenbaum et al. (1981) indicate that CpNpG methylation in wheat seedlings accounts for ‫ف‬ 30 to 40% of total cytosine methylation. The 12.6% reduction in total cytosine methylation in the homozygous zmet2-m1 :: Mu plants explains a 30 to 50% reduction in methylation at CpNpG sites.
Complete reduction in methylation at a given methylated site was observed rarely, but nearly every site analyzed showed some reduction. This indicates that the partial reduction in CpNpG methylation is caused by random reduction of methylation at most or all CpNpG sites, rather than complete reduction at some sites with no reduction at others. Our analysis did not allow us to determine if there are sectors of methylation types within the leaf tissue analyzed. That is, we do not know at present whether DNA from certain cells is completely devoid of CpNpG methylation whereas others have normal amounts of methylation, or conversely, if CpNpG methylation is lost randomly at sites along a DNA strand.
There are several potential explanations for an incomplete reduction in CpNpG methylation in homozygous zmet2-m1 :: Mu plants. The most likely explanation is that Zmet5 , a homolog of Zmet2 , has at least partial overlapping function and expression. This notion is supported by overlapping expression profiles of Zmet2 and Zmet5 (data not shown) and a high degree of conservation among the proteins. A second possibility is that an enzyme unrelated to Zmet2 is capable of maintaining CpNpG methylation at a reduced frequency. The cloned MET1 gene from pea displayed both CpG and CpA/ TpG methyltransferase activities in vitro (Pradhan and Adams, 1995; Pradhan et al., 1998) . No CpCpG activity was found for this protein, however. In addition, MET1 antisense plants showed some reduction at CpNpG sites (Finnegan et al., 1996) , supporting the possibility that this class of methyltransferases may have CpNpG activity in vivo. Finally, it is possible that the zmet2-m1 :: Mu insertion does not reduce the activity of the enzyme completely, although our sequence analysis of the altered transcript indicates that the protein will lack a critical domain and provides little support for this possibility.
Restriction analysis and HPLC quantitation support an intermediate level of methylation reduction in heterozygous zmet2-m1 :: Mu plants relative to homozygous normal plants (Tables 1 and 2 ). This intermediate level of methylation in the heterozygote class was unexpected for the zmet2-m1 :: Mu allele, which should have lost enzymatic function. One possible explanation for the intermediate methylation of the heterozygote is that the amount of CpNpG methylation in the genome is stoichiometrically determined by the amount of ZMET2 protein. To test whether the amount of ZMET2 stoichiometrically determines the level of methylation in cells, hypoploids, euploids, and hyperploids, with one, two, and three copies of chromosome 10L, respectively, were generated using a stock with a maize A chromosome arm translocated to a B chromosome fragment containing the B chromosome centromere. Zmet2 maps distal to R on chromosome 10L (data not shown) and should be contained on the translocation chromosomes. Methylation levels of all three classes were not significantly different from each other (data not shown). Assuming that altered copy number of chromosome arms containing Zmet2 translates into varying levels of ZMET2 enzyme, this result indicates, but does not prove conclusively, that enzyme amount likely does not limit methylation levels. A second possible explanation for a partial reduction of methylation in heterozygous zmet2-m1::Mu plants is that the mutant protein acts as a competitive inhibitor of the normal ZMET2 protein, and possibly the ZMET5 protein, producing a dominant negative effect. Because methyltransferases are thought to function enzymatically as monomers, a dominant negative effect would have to be caused by target site competition rather than production of nonfunctional enzyme complexes. The target site could be either a protein complex associated with DNA or a direct association with the DNA itself. zmet2-m1::Mu is likely to produce a protein that contains the domains involved in targeting and DNA binding, including the chromodomain and the BAH domain, but it lacks the SAM binding domain, thereby abolishing enzyme function. Under the dominant negative hypothesis, reduction in methylation would result from the localization of the mutant protein to hemimethylated sites without completing the methylation reaction. The mutant enzyme would remain associated with the target site, precluding an interaction of the hemimethylated site with a functional methyltransferase. This would result in a reduction in methylation even if some amount of functional protein were present in the cell.
Inheritance of Methylation Status
To test the stability of methylation levels over generations, homozygous zmet2-m1::Mu mutant plants derived from heterozygous, F3-derived plants were compared with homozygous zmet2-m1::Mu mutant plants derived from several generations of self-pollination of homozygous mutant plants. The percentage of methylated cytosines was consistent among all homozygous mutant progeny regardless of pedigree and did not decrease upon self-pollination of homozygous mutants (data not shown). Unfortunately, because there is a methylation reduction in heterozygotes, it is impossible to assess a "first generation" effect because the nature of the reverse genetics approach used does not produce sufficient DNA or sibling controls for a valid analysis of the founder heterozygous mutant plant. Therefore, we cannot conclude unambiguously that reduction in methylation does not increase in the generation subsequent to the primary mutation event. It is only possible to conclude that the level of methylation is relatively consistent thereafter.
To determine the extent of remethylation when the zmet2-m1::Mu mutation is removed by segregation, we produced backcross plants with a homozygous zmet2-m1::Mu plant as a grandparent. The inbred line, Mo17, was crossed to a homozygous zmet2-m1::Mu plant, and the resulting F1 plant was then backcrossed to the Mo17 parent line. Restriction enzyme analysis of backcross progeny indicated that all individuals without the Mu insertion displayed substantial remethylation of repetitive centromeric sequences. Furthermore, analysis of the same DNA samples by HPLC indicated that genomic levels of cytosine methylation in homozygous normal backcross progeny were less than those of Mo17, Decreased methylation is observed in mutant plants (Ϫ Ϫ) relative to nonmutant plants (ϩ ϩ) digested with MspI, which is sensitive to methylation at m CpCpG sequences. No changes in methylation patterns at m CpG sites are observed in mutant plants, as indicated by the lack of digestion with HpaII. Plants heterozygous for zmet2-m1::Mu (ϩ Ϫ) also show decreases at m CpCpG sites. DNA gel blots were hybridized with probes for repetitive DNA: the 9-kb 26s-5.8s-17s ribosomal repeat (A), the 5s ribosomal repeat (B), and the centromeric repeat pSau3A9 (C).
the nonmutant parent, but significantly greater than those of heterozygous backcross siblings (Table 2) . These data are consistent with the hypothesis that methylation levels are partially, but not completely, restored in the first generation of homozygote wild-type progeny obtained from a homozygous mutant parent.
The observation that remethylation occurs in normal progeny of zmet2-m1::Mu plants indicates either that ZMET2 has in vivo, de novo activity and is responsible for the establishment of CpNpG methylation patterns or that a separate de novo methyltransferase functions only early in development and that Zmet2 is responsible for maintaining these patterns. Our current data do not allow us to determine which of these possibilities is correct.
DISCUSSION
Our data indicate that chromomethylases function in vivo to maintain CpNpG symmetrical methylation patterns. This is consistent with two observations. First, CpNpG is found in most angiosperm and gymnosperm genomes but is limited in frequency in organisms other than plants. Second, chromomethylases have been found in plant species ranging from monocots to dicots but have not been found in the genomes of any other organisms. Therefore, chromomethylases, which apparently evolved after the divergence of plants from other organisms, offer plant genomes a second means to propagate methylated cytosines. The conservation of chromomethylase function across species as diverse as Arabidopsis and maize suggests that these genes provide a function that offers an evolutionary advantage to the organism.
The conserved domains of chromomethylases may provide insight into the purpose of these enzymes. In addition to the conserved methyltransferase domains, chromomethylases contain a chromodomain and a BAH domain. Chromodomains are found in several proteins involved in chromatin-level repression of transcription (Cavalli and Paro, 1998) . For two of these proteins, Polycomb and HP1, the chromodomain is critical for the proper targeting. The chromodomains of the Drosophila melanogaster dosage compensation proteins MOF and MSL-3 are involved in binding to noncoding RNA molecules (Akhtar et al., 2000) . The interaction of chromodomains with RNA may be the mechanism for targeting proteins containing chromodomains to specific regions of chromosomes. In plants, some RNA molecules have been shown to induce DNA methylation of homologous sequences (Wassenegger et al., 1994; Jones et al., 1999; Mette et al., 2000; Wassenegger, 2000) . Chromomethylases may be the enzymes responsible for RNAdirected DNA methylation in plants. Recently, Swi6, an HP1 homolog, was shown to interact directly with methylated Lys-9 of histone H3 (Rea et al., 2000; Nakayama et al., 2001) . This finding suggests the alternative possibility that chromomethylases are targeted by their chromodomain to heterochromatic regions marked by H3 Lys-9 methylation.
A BAH domain also is found in the N-terminal portion of chromomethylases. It is interesting that all Dnmt1/Met1 DNA methyltransferases and chromomethylases contain BAH domains. The Dnmt1/Met1 proteins contain two BAH domains, whereas chromomethylases contain only one BAH domain. This common feature may suggest a similar function or targeting for these two groups of methyltransferases. One function proposed for the BAH domain is to link DNA methylation to replication. These two classes of methyltransferases both may be involved in maintaining symmetric methylation patterns, with the Dnmt1/Met1 class acting on hemimethylated CpG sites and the chromomethylases methylating hemimethylated CpNpG sites soon after replication.
The distribution of CpNpG methylation in the genome also may provide insight into the function of chromomethylases. In general, methylation is found at lower levels in expressed genes and single-copy sequences than in repetitive sequences. However, CpG methylation is found in some regions of promoters and genes, depending on the gene and the stage of development. CpNpG methylation is almost never found in genic regions and appears to be restricted to repetitive DNA, with the highest abundance in heterochromatic regions. Therefore, the purpose of CpNpG methylation may be to reinforce the heterochromatic state and assist in the silencing of transposable and retrotransposable elements. The function of the chromodomain may be to target CpNpG methylation to these repeats. The increase in methylation across these repeats likely accelerates primary sequence degeneration attributable to mutation via spontaneous deamination of methylated cytosines. The addition of CpNpG methylation is expected to nearly double the number of methylated cytosines in regions susceptible to this type of methylation, thereby nearly doubling the frequency of C-to-T transition mutations caused by deamination of cytosines.
In summary, we have determined that the maize gene Zmet2 is required for the methylation of CpCpG and CpA/TpG sites in vivo. Plants containing a Mu transposable element insertion that disrupts Zmet2 have an ‫%31ف‬ reduction in methylation. The observations that the chromomethylase family of genes is unique to plants, that chromomethylase genes are required for CpNpG methylation, and that CpNpG methylation is much more abundant in plants than in other organisms all support the notion that the chromomethylase family of genes evolved to provide and maintain CpNpG methylation in plants. Future research will determine whether the abundance of CpNpG methylation in plants plays a unique role in the control of gene expression and genome stability or if this family of methyltransferases evolved as a redundant mechanism to CpG methylation and other silencing pathways.
METHODS
Cloning and Sequencing of zmet2
A partial cDNA clone (CGET064) from an immature tassel cDNA library was identified in the Pioneer Hi-Bred International expressed sequence tag collection. The sequence of this clone, which represents the 3Ј end of the transcript, was used to design forward and reverse primers for 5Ј and 3Ј rapid amplification of cDNA ends (RACE). RACE was conducted using the Marathon cDNA Amplification Kit (Clontech, Palo Alto, CA) according to the manufacturer's protocols on cDNA prepared from Mo17 10-day-old seedling mRNA. Total RNA was extracted using Trizol (Gibco BRL) according to the manufacturer's protocol, and mRNA was isolated using oligo(dT)-cellulose columns (Pharmacia). RACE products were isolated, and ends were sequenced using Marathon primers and gene-specific primers (zmet2-RT, 5Ј-CTACAACATCATAGTTGGGCAGAGG-3Ј; and zmet2-5F, 5Ј-TAAAGG-GCGTGAGGGTTGGA-3Ј). The remaining sequence was obtained from polymerase chain reaction (PCR) products by primer walking (zmet2-1R, 5Ј-CCAGCTCAGCTCAGATCTGTCATCCTTT-3Ј; zmet2-1F, 5Ј-TGG-TTGCTATGGTCTGCCACAGTTCAG-3Ј; and zmet2-3R, 5Ј-TCTCTA-ATTTTCTGCGGGCAG-3Ј; zmet2-8R, 5Ј-GCAATCAAGCACATT-GTCGTTCTTTTCCTC-3Ј; zmet2-9R, 5Ј-TTCTTTGCGGCAGTGCTG-CG-3Ј; and zmet2-9F, 5Ј-GAAGAAGAGGGTGGGGAGAAGGAACG-3Ј). Two sequencing passes were made on the cDNA ends, and four sequencing passes were made on the intervening regions. PCR products were sequenced using Big Dye terminator cycle sequencing on an ABI sequencer (Perkin-Elmer Applied Biosystems) at the University of Wisconsin Biotechnology Center Sequencing Facility. 
Identification of the zmet2-m1::Mu Mutant Allele
A mutant containing a Mu transposable element insertion was identified in a collection of indexed mutagenized F2 families derived from several Mu active stocks (Bensen et al., 1995) . The mutant was identified using a Mu-specific primer (5Ј-AGAGAAGCCAACGCCA(A/T) CGCCTC(C/T)ATTTCGTC-3Ј) and zmet2 gene-specific primers (zmet2-1F, 5Ј-TGGTTGCTATGGTCTGCCACAGTTCAG-3Ј; and zmet2-1R, 5Ј-CCAGCTCAGCTCAGATCTGTCATCCTTT-3Ј). Because the Mutator population is quite variable, heterozygous zmet2-m1::Mu F2 seed was advanced by selfing to produce the F4-derived F5 segregating family used in this analysis.
DNA Extraction and Gel Blot Analysis for Genotyping and Methylation Analysis
The fifth to seventh immature leaf tips were collected from 15 plants of the F4-derived F5 segregating family and frozen immediately in dry ice. Tissue was ground in liquid nitrogen, and DNA was extracted as described (Saghai Maroof et al., 1984) . The genotype at Zmet2 was determined by digesting DNA (10 g) with BamHI and EcoRI, which cut on each side of the Mu insertion. The digested DNA was electrophoresed through a 0.8% agarose-0.5 ϫ Tris-borate-EDTA gel. Gels were treated with 0.25 N HCl for 15 min, denatured in 0.2 N NaOH and 0.6 M NaCl for 30 min, and then neutralized in 0.5 M Tris and 1.5 M NaCl for 30 min. DNA was transferred to an Immobilon nylon membrane (Millipore, Bedford, MA) with 5 ϫ SSC (1 ϫ SSC is 0.15 M NaCl and 0.015 M sodium citrate). Blots were dried at 80ЊC for 1.5 hr. Prehybridization was performed in 5 ϫ SSC, 50 mM Tris, pH 8.0, 0.2% SDS, 10 mM EDTA, 1 ϫ Denhardt's solution (1 ϫ Denhardt's solution is 0.02% Ficoll, 0.02% polyvinylpyrrolidone, and 0.02% BSA), and 0.1 mg/mL single-stranded sheared herring DNA overnight (8 to16 hr) at 65ЊC. Hybridization conditions were similar to prehybridization conditions except for the addition of 5% dextran sulfate to the hybridization solution. Probes (25 to 50 ng) (clone CGET064 for genotyping) were labeled with 32 P-dCTP (50 Ci) by using random priming. After overnight hybridization at 65ЊC, blots were washed two times (0.15 ϫ SSC and 0.1% SDS) for 30 to 45 min at 65ЊC. Hybridized blots were exposed to Kodak BioMax film. DNA gel blot analysis with methylation-sensitive restriction enzymes was conducted on a subset of the plants using the same protocols used for genotyping except that 5 g of DNA was digested. Enzymes included in the study were the differentially methylation-sensitive isoschizomers HpaII-MspI and EcoRII-BstNI as well as other methylation-sensitive enzymes (BamHI, BglII, HhaI, PstI, PvuII, SacI, and ScrFI). Blots were hybridized with probes for repetitive-sequence regions of the maize genome, a 9-kb clone for the maize 26s-5.8s-17s repeat (McMullen et al., 1991) , the 5s ribosomal subunit clone (Mascia et al., 1981) , and centromere probe pSau3A9 (Jiang et al., 1996) .
HPLC Analysis
HPLC was conducted according to protocols described previously (Gehrke et al., 1984) . Duplicate preparations for each of 15 plants were analyzed. Five homozygous zmet2-m1::Mu plants, seven heterozygous zmet2-m1::Mu plants, and three homozygous normal plants were analyzed. For the remethylation study, duplicate preparations from three plants of each class were analyzed. HPLC analysis was conducted at the University of Wisconsin Biotechnology Center. A volume of 50 L was injected into a Brownlee Laboratories Spheri-5 RP-8 column (Alltech, Deerfield, IL). Nucleosides were separated at a flow rate of 0.75 mL/min. All samples were analyzed on a Beckman Instruments System Gold chromatograph, and nucleosides were detected at A 254 and A 280 . Nucleoside and nucleotide standards (Sigma) were used to determine nucleoside peak positions and to create standard curves to determine nucleoside concentration. The ratio of 5-methylcytosine to total cytosine was calculated relative to known standards as the mean value from the two wavelength readings, and statistical analysis was conducted using SAS (SAS Institute, Cary, NC). The significance of the variance among genotypic classes was tested using the variance from plants nested within genotypes as the error term. Pairwise differences among classes were assessed using t tests, with the plants nested within genotypes also used as the error term.
Genomic Bisulfite Sequencing of the 180-bp Knob Repeat
DNA was denatured initially by adding 1.5 L of 10 N NaOH to 8 g of DNA in 50 L of distilled, deionized water followed by incubation for 15 min at 37ЊC. After denaturation, 2.5 L of 8-hydroxyquinoline and 450 L of a 3.24 M urea-2 M sodium metabisulfite solution were added to the DNA solution and mixed gently. The solution was then divided into 100-L aliquots and overlaid with mineral oil. The bisulfite modification was conducted using 20 alternating cycles of denaturation (95ЊC for 1 min) and modification (55ЊC for 15 min). After bisulfite modification, the DNA solutions were pooled and precipitated. The DNA was desalted with a Qiagen (Valencia, CA) PCR prep kit.
The 180-bp repeat was sequenced directly from the bisulfite-modified genomic DNA using Big Dye terminator cycle sequencing on an ABI sequencer according to the manufacturer's instructions (PerkinElmer Applied Biosystems). Sequencing reactions were performed using the buffer and enzyme supplied by the manufacturer in a 10-L volume with 320 ng of DNA and 10 pg of primer. Sequencing reactions were conducted separately on each strand using the primers 180-bp Forward (5Ј-CCACACAACCCCCATTTTT-3Ј) to sequence one strand and 180-bp Reverse (5Ј-TCATACACCTCACCCCACAT-3Ј) to sequence the complementary strand.
Sequence Analysis
Sequence data were processed using tools available through the World Wide Web at http://dot.imgen.bcm.tmc.edu. CLUSTAL W was used for multiple sequence alignments. Sequence alignments for presentation were processed using BOXSHADE, which was available through http://www.ch.embnet.org. Sequence comparisons and database searches using BLAST 2.0 were made through http:// www.ncbi.nlm.nih.gov. Phylogenetic analysis was conducted using the PHYLIP programs available through http://bioweb.pastuer.fr. Phylogenetic trees were generated using the parsimony method.
GenBank Accession Numbers
The GenBank accession numbers are as follows; Arabidopsis chromomethylases CMT1 (AF039367), CMT2 (CAA16759), and CMT3 (AAG52543); Zmet1 (AF063403).
